packed gravel that overlies a thin (3-10 cm), fine-grained, gravel-poor, vesicular A (Av) soil horizon. and the Av horizon is extremely slow and can take from
studied for some time, primarily in environments different from the arid Mojave Desert. Some studies have shown that pedological development of clayey soils can S ustainable ecosystems in arid and semiarid environexplain dynamic water flow through cracks and other ments require detailed knowledge of the dynamic macropores (Lin et al., 1998 (Lin et al., , 1999 Bouma and Wosten, relationships among geomorphology, soil hydrology, 1979; Jarvis and Messing, 1995) . Others have sought to surface characteristics, and plant cover. This is especially understand the pore classes that contributed the majorimportant given the limited occurrence of rainfall events ity of flow (e.g., Watson and Luxmoore, 1986) , many that produce significant local recharge or surface runoff of which were also in clayey soils. The study described that could lead to recharge at other focus areas (micro- here is unique with respect to the significantly drier topographic lows or ephemeral washes). It is also imporclimate where the soils developed, the general lack of tant that these dynamic relationships be investigated swelling clays in these arid climates, the difference in the before development in undisturbed arid areas is undertime needed to develop the structure, and the fragility of taken. Timely availability of new data will be useful in these surfaces. Their disruption can have a potentially future decision-making processes because development dramatic impact on water balance. of these fragile lands is likely to occur with or without
The understanding of how soil hydrology affects soil the results of scientific research.
development spans a number of practical environmental Desert pavements consist of a surface layer of closely applications. Knowledge of soil dynamics and the consequent linkages to ecosystem development will facilitate McDonald (1994) and McDonald et al. (1996 McDonald et al. ( , 2003 . The sites different soil water balances. These results provide inchosen for measurement and analyses differed primarily in sight into ecosystem evolution in desert environments age, thus constituting a chronosequence from recent to apand the strong linkage between soil development, water proximately 100 000 yr old (100 ka). Soil surfaces were classified according to the nomenclature QfX, where Q represents cycling, desert ecosystem function, and desert landscape remained intact when removed and because of a noticeable potential function, K(h ). Inverse modeling uses all the data and results in estimates of the conductivity and water contentincrease in soil rubification within the B horizon. Before conducting the infiltration test, we collected grab samples, which water potential functions, (h ). Vertical infiltration is initially governed by capillarity or were analyzed for initial water content.
Data from the infiltrometers (Soil Measurement Systems, sorptivity of water into the soil matrix, containing both vertical and horizontal components. Later-time infiltration becomes Tucson, AZ) were collected from differential pressure transducers (Casey and Derby, 2002) at intervals between 15 s and gravity driven and linear with time as soil capillarity forces are reduced, indicating that infiltration is at steady state. Based 1 min, depending on the logger unit and soil surface. Manual readings were taken periodically to verify operation and to on Gardner's exponential K(h ) function (Gardner, 1958) , a three-dimensional, analytical solution for steady-state infiltrabetter identify when the intake rate was at or near steady state. At that time, the infiltrometer was reset to a higher (less tion from a circular source was derived by Wooding (1968): negative) pressure level. Four to five pressure steps were used for each test, typically at levels set to approximately Ϫ1.2,
Ϫ0.9, Ϫ0.6, Ϫ0.3, and 0 (saturation) kPa.
At the conclusion of each test, the infiltrometer and contact where q(h ) is the steady-state infiltration (cm s
Ϫ1
), h is the sand were removed and another sample was taken for bulk soil water potential (expressed here in cm H 2 O), K sw is the density and final water content. Samples were taken with a saturated hydraulic conductivity (cm s Ϫ1 ) obtained with Woodsoil ring (5-cm diameter, 2.5-cm height) pressed into the soil ing's analysis, ␣ w is a parameter (cm
) affected by the porenear the center of the infiltrated area. The ring was removed size distribution, and r is the infiltrometer radius (cm). The using a hand trowel and leveled appropriately to better define first term inside the bracket represents vertical gravity flow the sample volume. A soil pit was also excavated immediately and the second term inside the bracket accounts for lateral adjacent to the infiltrometer test locations. Samples were colmovement due to capillarity. The resulting equation contains lected at 5-to 10-cm interval depths throughout the upper 50 two unknowns, K sw and ␣ w . Using the infiltrometer through a cm of the profile. Samples were stored in sealable, plastic bags range of pressures, paired values of flux {q(h )} and pressures to prevent water loss and were returned to the laboratory (h ) are obtained. These known values are input for a nonlinear for further analyses. Particle-size distribution was determined least-squares regression routine to solve for the two unknowns using a Laser Light Scattering technique (model Saturn Digiby minimizing error through iterative solutions (Logsdon and Sizer 5200, Micromeritics Instruments, Norcross, GA). Bulk Jaynes, 1993). density was determined using the clod method of Blake and In addition to using Wooding's solution for obtaining K sw Hartge (1986) . Soluble salt (Ca, Mg, K, Na, and SO 4 as S) and ␣ w , a complete set of hydraulic properties was obtained content was determined for samples from the soil pit profiles.
through numerical inversion of the cumulative infiltration data One gram of dried soil was placed into a plastic bottle with (mL s Ϫ1 ) and the final water content. Inverse modeling was 25 mL of distilled water and agitated for 24 h on an orbital done with the HYDRUS-2D program (Š imunek et al., 1999) . shaker at 100 rpm. The liquid was then decanted, filtered (0.45 HYDRUS-2D is an axisymmetric finite element code that m), and acidified to pH Ͻ2 using trace-grade HCl, before iteratively optimizes parameters found in the van Genuchten analyzing with an inductively coupled plasma spectrometer (1980) form of the soil water retention curve, and in the hy-(Thermo Intrepid Radial ICP-EOS, Franklin, MA). draulic conductivity equation derived by Mualem (1976) as modified by van Genuchten (1980) . The retention curve has
Data Analysis
the form Data were analyzed using a manual, semiempirical method (Wooding, 1968 ) and a numerical inverse method (Š imunek , 1999) . The different methods were used to evaluate whether better estimates of hydraulic conductivity would be and the unsaturated hydraulic conductivity function is deworth the extra postprocessing efforts required in the numerifined as cal method and because inverse modeling provides estimates of soil water retention properties, while Wooding's analysis
does not. Wooding's analysis relies mostly on the data collected toward the end of each pressure step when the cumulawhere e is the effective volumetric water content, s is the saturated volumetric water content, r is the residual water tive flux rate is constant in time and provides estimates of the saturated hydraulic conductivity and conductivity-water content, n and m are empirical parameters where the expres- Using coefficient of determination (r 2 ) as one meaAll conductivity data were normalized to 20ЊC. The correcsure of analytical success for the infiltrometer measuretion factor was derived from known variation of water viscosity ments, the minimum values obtained from the analyses and density with temperature (Lide, 2001 ). An exponential relationship was obtained using TableCurve (Version 1.12, were r 2 ϭ 0.816 (n ϭ 4) and r 2 ϭ 0.993 (n ϭ 695) using Jandel Scientific, San Rafeal, CA), and all saturated hydraulic
Wooding's analysis and inverse modeling, respectively. conductivity data were adjusted accordingly. The correction Both the analytical and numerical techniques closely factor, C, was reproduced field data. Only two tests using Wooding's analysis were found to have r 2 values Ͻ0.900, and each C ϭ 0.2513 ϩ 1.4983exp(ϪT/28.8274)
[4] case was for the Qf3 soil, the most difficult to measure where T was the temperature (ЊC) of the soil material followusing the infiltrometer because of the very slow flow ing the field experiment. Furthermore, K sw and K svg were lograte.
transformed before averaging to account for the lognormal Figure 3 is a comparison of the two approaches, and distributions that they are known to exhibit (White and Sully, 1992; Mohanty and Mousli, 2000) . The results of the data the graph shows that both methods produced very simianalyses were cross-correlated to evaluate the strength of assolar conductivities. One outlier was identified using inciation between age, physical properties, and hydraulic propverse modeling, but overall the data very closely erties. Correlation tables were constructed to better identify grouped around the 1:1 line; r 2 ϭ 0.861 (n ϭ 26) without and explain the most sensitive parameters affecting the hythe outlier and r 2 ϭ 0.784 (n ϭ 27) with the outlier draulic properties at these sites.
included. An analysis of variance of the two data sets indicated no reason to suspect that the data were sam-
RESULTS AND DISCUSSION
pled from different populations (F ϭ 0.2126, ␣ ϭ 0.05). No improvement in model results was found when sites Soil texture results are shown in Fig. 2 , and they show an increase in fines (silt plus clay) content with with an Av surface horizon were represented as a two-layered system. This finding is supported by the post sampling, which showed that wetting fronts did not penetrate beyond the Av horizon in older soils. Soil development apparently led to a higher water holding capacity. Therefore, the single-soil modeling approach for young soils was valid because no significant soil horizonation had developed, and it was valid for older soils because the wetting front remained within a single layer, the Av horizon. The results indicate that Wooding's analysis provided excellent estimates of hydraulic conductivity functions in this environment, but if estimates of water retention curves are needed, then inverse modeling is required. Considering the finding that both the Wooding and inverse modeling approaches lead to similar estimates of saturated hydraulic conductivity for these materials, either approach can be used to show that saturated hydraulic conductivity of the surface soil is strongly agedependent. Figure 4A shows a strong trend toward declining Wooding's K sw values in the surface (Av) soil, especially between Qf7 and Qf6 surfaces (or between 0.5 and 4 ka, respectively) when a nearly 10-fold decline was measured. A pronounced decrease in infiltration between the Qf7 and Qf6 surfaces is consistent with the results of McDonald et al. (1996) . In contrast, no trend or otherwise decline was observed in the subsurface (B) horizon. Although some increases in fines (with increasing age) were recorded in underlying soil layers, little associated change in soil structure was observed, likely explaining the relative insensitivity of conductivity with age. The ␣ w parameter, used in Eq.
[1], also shows a clear decrease with increasing age in the surface horizon (Fig. 4B) ; again, no trend was observed in the subsurface horizon. Higher values of ␣ w lead to faster declines in unsaturated hydraulic conductivity with decreasing soil water potential (or decreasing water content). Thus, the approximately threefold reduction of ␣ w from 0.297 to 0.085 cm Ϫ1 from Qf8 to Qf3, respectively, will lead to substantially different K(h) functions and potential for fluid-dominated flow. For example, if unsaturated hydraulic conductivity is calculated for the observed range of ␣ w and for uniform K sw of 100 cm d Ϫ1 , the difference to Ϫ10 kPa would exceed nine orders of magnitude, from 1.29 ϫ 10 Ϫ11 to 0.019 cm d
Ϫ1
. Fluid flow at 10 Ϫ11 contents. The correlations of log age vs. the averages of cm d Ϫ1 would be considered very low to negligible in the log hydraulic conductivity for both the Wooding (K sw ) many practical applications. These results highlight the and inverse modeling analyses (K svg ) were also found to importance of quantifying the dependence of K(h) on have high statistical significance (p ϭ 0.001 level). Also soil water potential (or soil water content) in predicting notable is the strong positive correlation between ␣ w and hydraulic behavior of these soils. Table 2 shows the correlation matrix that compares the sand percentage (r ϭ 0.80, n ϭ 15), which reflects the faster reduction in conductivity due to enhanced soil the soil physical properties to the log-averaged hydraulic properties using the Wooding and inverse modeling apdrainability. Correlation between ␣ vg and the soil textural components also fits the conceptual model that younger proaches. The results are presented for the analyses of the surface horizon only because it is primarily the sursoils have more sand, higher drainability, and higher hydraulic conductivity. Overall, the conceptual model face horizon that exhibited changes in soil hydraulic properties. Log-transformed soil age and hydraulic conof hydraulic behavior in variably saturated soil was represented well in these analyses. ductivity were added to be consistent with Fig. 4 and 5. The data show a very strong correlation between surface Predicting conductivity functions from surface age could have many benefits, from rapid assessments of age and textural components. Aging corresponds to a reduction in sand content and an increase in silt and clay surface runoff potential to predictions of landscape scale water contents. Thus, it is important that more than K, Na, and SO 4 as S. Profiles for Na are shown in Fig. 6A 90% of the variation in log K sw could be attributed to (profiles for all of these ions exhibited similar trends). the log soil age (Fig. 5 ). This relation illustrates that, Sodium concentrations were low (Ͻ100 g m Ϫ3 ) across even with the significant heterogeneity in soil-forming the entire profile for Qf8, Qf7, and Qf6, indicating that processes and the complexity of alluvial fan hydrology, percolating waters have removed these salts from the many independent variables can be adequately acprofile. In contrast, the profiles from areas of well-develcounted for by a single parameter, namely surface age.
oped pavements (Qf5 and Qf3) exhibited elevated Na We hypothesize that the slope of this regression line concentrations. At the base of Qf5 profile, soluble Na will differ depending on parent material (especially the concentrations reached 500 g m
Ϫ3
, suggesting the maxipresence of feldspar minerals that weather into clays) mum depth of percolation approached the bottom of and landscape position relative to aeolian source areas. the profile. On the Qf3 profile, peak values of Ͼ2500 g However, surface age is not known at most locations, m Ϫ3 were observed at a depth of approximately 22.5 cm. which makes evaluation of this hypothesis difficult. FurThe measured decrease in hydraulic conductivity obthermore, this trend is consistent with the recent work served with desert pavement development and the of Shafer et al. (2004) , who showed similar trends in progressively older soil surfaces with parent materials marked decline in the depth of percolation are manithat differed from this study.
fested in the soluble salt profiles underlying the surfaces This work demonstrates that pedogenic development investigated. These results are consistent with the work leads to large differences in hydraulic properties of the of Phillips (1994) , who showed that soluble salt profiles surface soil. These differences will affect infiltration in desert soils are characterized by low concentrations rates during precipitation events, and subsequently, the near the soil surface, a peak in concentration a few depth of percolation and evaporative losses. To evaluate meters below ground surface, and decreasing concentradeep percolation potential for these five profiles, watertions below that depth. Therefore, salt content profiles soluble salt concentrations were determined for Ca, Mg, can provide an indication of longer-term behavior of water infiltration and subsequent deep percolation. The depth of the salt peak can be closely correlated to the amount of water that enters the profile: higher amounts of infiltration result in a deeper salt peak. Figure 6B shows water content profiles 4 d after a slow-moving frontal storm left 3.9 cm of precipitation. The water content profiles suggest that differences in the water holding capacity are also strongly influenced by pedological development. For example, the observed trend of lower water contents with decreasing age (i.e., Qf8-Qf6) can be attributed to higher downward drainage and/or upward evapotranspiration. These results suggest that the water holding capacity in near-surface soils increased with increasing soil age and degree of soil development. The clearly increasing progression of increasing fines content shown in Fig. 2 and Table 1 . 
CONCLUSIONS
icant effect on the hydraulic conductivity. The time period for soil surfaces to evolve from massive to blocky Although this study is not complete in terms of represtructure due to aeolian deposition and eventual translosenting all soil types or environments, the results show cation of silt and clay deeper into profile can take thouthe importance of time on soil development and a signifsands of years depending on the proximity to source areas for fines and other environmental factors that control soil formation. The speed with which soils develop in arid climates and the resulting control on soil hydrology have several implications that need to be considered when evaluating land development or rehabilitation, landfill cover design, and overall ecosystem health in studies of climate change (McDonald, 2002) . Pedological development of these surfaces impacts the water cycle in two important ways. First, lower hydraulic conductivities of this chronosequence dramatically limit infiltration and, by inference, will likely increase runoff. This will reduce the amount of water that percolates to plant roots and potentially increase the flux of water to ephemeral washes. Second, the higher clay and silt contents of older soils with desert pavements retain water longer in the upper, most bioavailable portion of the soil profile. This would provide plants more time to transpire the water, perhaps allowing the soil-plant system to be less susceptible to drought. These two characteristics of desert pavements may have profound impacts on ecosystem function in these arid systems. Correspondingly, disruption of these fragile surfaces and the underlying soil structure may have a dramatic
